In this study, a viscoelastic damper (VED) is developed by using a VE material with low temperature dependence, and a performance-based placement-design procedure of VEDs is developed for finding the story-wise distribution of VEDs in a building such that each peak interstory drift coincides with the prescribed value. The mechanical properties of the employed VEDs dependence on amplitude and frequency of the excitation as well as material temperature are taken into account and a mechanical non-linear four-element model that comprises two dashpot elements and two spring elements is proposed for the VED. The developed performance-based design procedure utilizes equivalent linearization of the VED and the expanded complete quadratic combination method, which involves modal analysis with complex eigenvalue analysis. An equivalent linear Voigt model of the VED is determined by the prescribed peak interstory drift and the fundamental natural period of the structure for which the VEDs are installed. Seismic response analyses are carried out for high-rise building models installed with the necessary number of walltype VEDs, with the results demonstrating the effectiveness and validity of the proposed performance-based placement-design procedure.
INTRODUCTION
Various dampers and energy dissipation devices have been developed and are widely used to reduce the earthquake response of buildings, such as the viscoelastic damper (VED), metallic hysteretic damper, friction damper, and viscous fluid damper. VEDs were first used in building structures to reduce wind-induced vibrations (Mahmoodi et al., 1987) and have subsequently been studied and used to reduce the earthquake response of buildings (Soong and Dargush, 1997; Cheng et al., 2008; Takewaki, 2009) . As shown in Figure 1 , a typical VED consists of a VE material or a high damping rubber that is bonded between an inner steel plate and an outer steel plate and is subjected to shear deformation. The story-installation-type VED is generally found in three configurations: brace type, wall type, and column type, as shown in Figure 2 . The VED induces a viscous shear force in response to relative interstory drift, causing energy dissipation, and hence, the VE material properties govern the performance and characteristics of the VED.
Mechanical properties of the VED generally show a significant dependence on the amplitude and frequency of the excitation and material temperature depending on the employed VE material. For the use of VEDs in a building, one should consider their non-linear characteristics and dependence and study the necessary story-wise placement of the dampers to meet the seismic design performance objectives. Although quite a few previous studies have been carried out on the optimum or effective placement of viscous or VEDs, these have dealt with the damper as an ideal mechanical model that comprises a linear dashpot element with/without a linear spring element (Chang et al., 1992; Zhang and Soong, 1992; Gluck et al., 1996; Tsuji and Nakamura, 1996; Takewaki, 1997 Takewaki, , 2000 Ribakov and Gluck, 1999; Takewaki et al., 1999 Takewaki et al., , 2013 Garcia, 2001; Moreschi, 2001, 2002; Uetani et al., 2003; Xu et al., 2003; Liu et al., 2004 Liu et al., , 2005 Park et al., 2004; Levy, 2005, 2006; Tan et al., 2005; Cimellaro, 2007; Silvestri and Trombetti, 2007) and have treated the optimum placement of ideal viscous or VEDs installed in a building under seismic excitations. The story-wise placement of supplemental dampers or damping coefficients was found to meet the seismic design constraints or to optimize the values of the target properties. The constraints are mostly imposed on the interstory drifts of a structure subjected to a specified earthquake input, since the interstory drifts can be regarded as the most important seismic design index. The mean peak interstory drifts of the building installed with dampers subjected to the specified design displacement response spectrum can be estimated using the expanded complete quadratic combination (CQC) method, which entails modal analysis with complex eigenvalue analysis (Igusa et al., 1984; Yang et al., 1990) .
In addition to the interstory drift criteria, Takewaki (1997) and Takewaki et al. (1999) minimized the sum of amplitudes of the transfer functions evaluated at the undamped fundamental natural frequency of a structure. Lavan and Levy (2005) chose energy-based damage indices based on the hysteretic energy dissipated by the restoring force divided by its hysteretic energy at failure. Tan et al. (2005) and Liu et al. (2005) considered an acceleration-based criterion in addition to the interstory drift criteria. Silvestri and Trombetti (2007) studied various performance indices, such as the SD of the roof displacement or the base shear, the average of the SDs of the interstory drift angles, and the sum of the SDs of the damper forces. Cimellaro (2007) minimized the sum of the norm of the displacement, absolute acceleration, and base shear transfer function evaluated at the fundamental natural frequency.
Various sequential procedures have been proposed to find the optimum placement of the supplemental dampers in a structure. The basic idea is that a controller is optimally located if it is placed at a position where the displacement response of the uncontrolled structure is the largest (Zhang and Soong, 1992) . To find the optimal location, Gluck et al. (1996) used the solution for the linear quadratic regulator problem, Moreschi (2001, 2002) employed a gradient-based optimization approach and a genetic algorithm, and Xu et al. (2003) utilized the simplex method. Takewaki (2009) explored the repetitive performance sensitivity analysis, using which the supplemental damper is installed into the story with the highest performance sensitivity.
This study has novelty in light of an employed manufactured VED with amplitude and frequency dependence and a proposed placement-design procedure of the VEDs utilizing the equivalent linearization under the interstory drift constraint. Although most previous studies have dealt with idealized VED, which comprises a linear dashpot element, we employ a manufactured wall-type VED that uses our newly produced VE material with low temperature dependence. A mechanical model for the VED was proposed using a non-linear four-element (NLF) model that comprises two non-linear dashpot elements and two non-linear spring elements (Nakamura and Kaneko, 1998) . A placement-design procedure is proposed for the VEDs such that each peak interstory drift is limited to the specified value for a given design response spectrum (Nakamura and Hanzawa, 2002) . The proposed design procedure has originality in the equivalent linearization of the VED based on the interstory drift constraint and the expanded CQC method in the peak response estimation. The validity of the proposed design procedure is demonstrated by design examples of high-rise building models.
REVIEW OF A DEVELOPED VED
The VED generally exhibits large temperature dependence (Chang et al., 1992; Soong and Dargush, 1997) , which is considered to be a drawback and limits its applicability. A new VED was developed by utilizing a newly produced VE material with low temperature dependence. Based on a series of dynamic tests of the VE material specimen, a mechanical model for the VED was proposed using an NLF model that comprises two non-linear dashpot elements and two non-linear spring elements. The validity of the proposed mechanical model of the VED was verified through the dynamic loading tests of a half-scale VED. In this section, the proposed NLF model of the VED is reviewed, and its test results are described.
Mechanical Characteristics of VE Material
The newly developed VE material is made of thermoplastic elastomer of the olefin-styrene series. Table 1 shows the compounding ratios of the VE material. A series of dynamic loading tests were carried out on a test specimen consisting of a 70-mm × 80-mm sheet of the VE material (thickness d = 5 mm, total shear area A S = 5,600 mm 2 ), as shown in Figure 3 . The air temperature (T e ) was 20°C. Figure 4 shows hysteresis loops for an increasing sine wave and for an earthquake interstory drift of the 8th floor of a hypothetical 15-story building (Appendix A). From the measured hysteresis loop under sinusoidal loading, as shown in Figure 5 , the equivalent shear stiffness, K eq , the equivalent damping coefficient, C eq , and the equivalent damping factor, h eq , were obtained by
where ω indicates the circular frequency of a sine wave. Figure 6 shows the obtained values of K eq , C eq , and h eq for the shear strain, γ max = (δ max /d), of the VE material at air temperature, T e , of 20°C, where δ max indicates the amplitude of the sinusoidal wave. Figure 6 indicates the amplitude and frequency dependence of the VE material, and both K eq and C eq decrease with increasing γ max , while h eq is almost constant at about 0.4 irrespective of the amplitude and frequency of the input. Figure 7 shows K eq and C eq for T e = 0-40°C where K eq and C eq values are normalized by the value at T e = 20°C, respectively. This figure indicates that the temperature dependence of K eq and C eq can be well expressed by exp{−0.017(T e − 20)}. The temperature dependence is much smaller than that for the other viscoelastic materials for the VED that have been in practical use.
NLF Model of VE Material
A mechanical model for the VE material was proposed by an NLF model (Nakamura and Kaneko, 1998 ) that comprises two non-linear dashpot elements and two non-linear spring elements as shown in Figure 8 and expressed by Eqs 2a-d. The fourelement model shown in Figure 8A can express the frequency dependence of the VE material, and the non-linear characteristics of the four elements shown in Figures 8B,C can provide the amplitude dependence of the VE material. The temperature dependence of the VE material is expressed by incorporating the temperature-dependent function, F t (T e ), in each element.
A B 
where A s and d indicates the area and the thickness of the VE material, respectively. The coefficients of the four elements are first determined to express the obtained frequency dependence for a fixed shear strain of γ = 200% by trial and error, and then non-linear characteristics with respect to γ are incorporated to express the obtained amplitude dependence (Nakamura and Kaneko, 1998) .
The equivalent shear stiffness, K eq , and the equivalent damping coefficient, C eq , of the proposed NLF model under sinusoidal loading are expressed as follows.
where
and ω indicates the circular frequency of the excitation. Figure 9 shows K eq and C eq obtained from the experimental results of the test VE material under sinusoidal loading and those of the proposed NLF model. Figure 9 indicates that the proposed NLF model can express the dynamic characteristics of the VE material with good accuracy. 
Dynamic Loading Tests of VED
Using a half-scale model of the wall-type VED, dynamic loading tests were carried out to verify that the resisting force characteristics of the scale VED can be accurately simulated by the proposed NLF model. Figure 10 shows a schematic diagram of a half-scale wall-type VED and the setup of a dynamic loading test. Two VE materials with dimensions of 600 mm × 600 mm and thickness of 10 mm were held between an inner steel plate and an outer steel plate by vulcanizing bonding. The total area of the VE material in the VED, A s , was 720 × 10 3 mm 2 . Figure 11 shows an experimental hysteresis loop of the half-scale model VED and that of the test VE material specimen (A s = 5.6 × 10 3 mm 2 , d = 5 mm) in Figure 3 for an earthquake interstory drift of the 8th floor of a hypothetical 15-story building (Appendix A). The vertical axis of Figure 11 represents the shear stress, τ which is obtained from the resisting shear force, Q, divided by A s . The horizontal axis of Figure 11 represents the shear strain, γ, which is obtained from the applied time-history deformation, δ, divided by the thickness of the VE material, d. The two hysteresis loops in Figure 11 are very similar, implying that the resisting force of the VE material is proportional to the area of the VE material. Figure 12 shows an experimental hysteresis loop of the halfscale model VED and a simulation result by the NLF model for an earthquake interstory drift of the 24th floor of a hypothetical 24-story building (Appendix A). The simulation result in Figure 12 is computed by the NLF model (Figure 8) and Eqs 2a-e, which need the time-history shear strain, γ, but not the value of ω. The simulations were in good agreement with the experimental result, implying that the mechanical characteristic of the VED can be accurately estimated by the proposed NLF model. 
MAXIMUM EARTHQUAKE RESPONSE OF A BUILDING WITH VEDs
The seismic design constraints are generally imposed on the peak responses of a structure subjected to a specified earthquake input. The computational method is proposed here for estimating the peak interstory drifts of a building where VEDs with mechanical characteristics given by the NLF model are used. The mean peak interstory drifts can be estimated by using the equivalent linearization of the VEDs and the expanded CQC method for the specified design displacement response spectrum.
Equivalent Linearization of VED
The NLF model of the VED can be converted into a linear Voigt model comprising a linear spring and a linear dashpot connected in parallel by utilizing the equivalent linearization. Substituting the maximum shear strain of the VED, γ max , for γ in Eqs 2 and 4, and the fundamental natural period of the building, T 1 , for ω in Eq. 4 as ω = 2π/T 1 , the equivalent shear stiffness, K D , and the equivalent damping coefficient, C D , of the converted Voigt model shown in Figure 13 are given by Eqs 3a and b, respectively, for a specified set {A s , d, T e }.
The maximum shear strain γ max of the VED installed in a story can be evaluated from the interstory drift constraint in a performance-based design. When the peak interstory drift angle is specified asβ for the story of a floor height L s and the mounting component for the VED can be regarded as stiff enough, γ max is given by
The fundamental natural period, T 1 , of the building installed with the VED can be obtained through the modal analysis explained in the following section. The equivalent linearization of the VED considering the stiffness of the mounting component is described in Appendix B. 
Modal Analysis by the Expanded CQC Method
Consider a multistory shear building in which the VEDs are installed between the floors. The mean peak response of the building to an earthquake can be estimated using modal analysis.
The equivalent shear stiffness, k Dj , and the equivalent damping coefficient, c Dj , of the Voigt model of the VED installed at the j-th floor are added to the story shear stiffness, k Sj , and the story damping coefficient, c Sj . The equations of motion of an f -story shear building can then be written as follows:
where x = { x 1 . . . x f } T and 1 = {1 . . . 1} T andz denote the horizontal displacements of the floors and the input earthquake acceleration, respectively, M S denotes the diagonal mass matrix of the structure, C S and C D denote the tri-diagonal damping matrices for the structure and for the installed VEDs, respectively, and K S and K D denote the tri-diagonal stiffness matrices for the structure and for the installed VEDs, respectively. The damping matrix, C S + C D , in Eq. 6 represents non-proportional damping, and the eigenvalue problem of Eq. 6 is given using Foss's method (Foss, 1958) as
Equation 7 gives f pairs of complex conjugate eigenvalues {λ}, and their corresponding eigenvectors {u} for damped vibration as listed below. where λ
. . , f) are a pair of complex conjugate eigenvalues. The natural circular frequency, ω j , and the damping factor, h j , of the j-th mode are given by
(9a,b) The mean peak interstory drifts, {δ j }, of the building subjected to the specified design displacement response spectrum S d (ω;h) can be estimated using the expanded CQC method (Igusa et al., 1984) as follows:
where R e [ ] and I m [ ] denote the real and imaginary parts of a complex number, respectively, and ρ 
where p (r,s) = ω r /ω s .
PERFORMANCE-BASED PLACEMENT-DESIGN PROCEDURE OF VED
A placement-design procedure for the VEDs is proposed here such that each peak interstory drift angle {β j } of an f-story shear building with a specified set {M S , C S , K S } subjected to a design earthquake S d (ω;h) would coincide with the prescribed value {β j } (j = 1, 2, . . ., f ). Figure 14 presents a design process for finding the distribution of the VEDs' {A j } (j = 1, 2, . . ., f ) that are required to limit the interstory drift angles to the specified target values. Here, {A j } means the total area of the VE material in the dampers at the j-th floor, while the thickness (d) and the temperature (T e ) of the VE material are previously defined.
In the design process shown in Figure 14 , A j is adjusted by the ratio of the estimated peak interstory drift angle, β j , to the target value,β j , and α in Eq. 12 is the control parameter, which is specified as 0 < α ≤ 1.
As {A j } values are adjusted in the design process, the T 1 value of the building with VEDs varies. Hence, the estimation in step (4) of the process should always be based on T 1 , which is obtained by the previous eigenvalue analysis. The proposed design procedure utilizes complex eigenvalue analysis, and therefore, can provide the changes in the equivalent natural periods and the equivalent damping factors of the building with VEDs.
DESIGN EXAMPLES
Below, design examples of the performance-based placements of wall-type VEDs for three high-rise building models such that each peak interstory drift angle is reduced to the prescribed value, are shown. Time-history response analyses are carried out for the buildings installed with the necessary number of VEDs to demonstrate the validity of the proposed design procedure.
High-Rise Building Models with Optimally Placed VED
Consider a 20-, 30-, and 40-story shear buildings with mass and story stiffness properties as shown in Figure 15 , which are based on actual high-rise buildings. The fundamental natural periods of the buildings without dampers, T 1 , and their story heights are shown in Table 2 . The damping ratio in the first mode, h 1 , is assumed to be 2%, and those in the higher modes are assumed to be proportional to the frequency. The wall-type VED shown in Figure 16 is employed to control the peak interstory drifts of the buildings. The VE material is 5 mm in thickness and the total area of the VE material of one walltype VED is 1.6128 m 2 . The ambient temperature is assumed to be 20°C. The story-wise distributions of {A j } are now determined such that the peak interstory drift angle for all stories isβ j ≡ 1/150 for the Level 2 design response spectrum specified by the Japan Building Center (Figure 17) . The control parameter α in Eq. 12 is 0.3 in the design process.
The extracted progress of story-wise distribution of the area of the VE material in the 20-story building is shown in Figure 18A , together with the estimated peak interstory drift angles in Figure 18B , which vary according to the story-wise distribution of the area of the VE material. As shown on the left-hand side of Figure 18A , the story-wise distribution of the VE material is first assumed to be uniform for all floors, and the drift angles are estimated by the expanded CQC method, as shown on the lefthand side of Figure 18B . The area of the VE material at each floor is adjusted by the ratio of the estimated drift angle to the target value using Eq. 12. For the modified VE material distribution, the drift angles are repeatedly estimated and compared to the target value with the modification repeated until the estimated drift angles are sufficiently close to the target value, as shown on the right-hand side of Figures 18A,B . The variations in T 1 and h 1 computed by the complex eigenvalue analyses during the iterative modification are also shown in Figure 18A . Figure 19 shows the obtained story-wise distribution of the area of the VE material and the necessary number of VED in the 20-, 30-, and 40-story buildings designed for a maximum story drift angle of 1/150. The necessary number of VEDs at each story was obtained by dividing the obtained area of the VE material by 1.6128 m 2 (=the area of the VE material of the employed wall-type VED in Figure 16 ) and rounding off to a whole number.
The proposed placement-design procedure can evaluate the extent of changes in T 1 and h 1 of the building installed with the necessary VEDs by the complex eigenvalue analyses. Table 3 shows T 1 and h 1 of the building with and without the VEDs. The required VEDs shorten the fundamental T 1 slightly and increase h 1 considerably due to their additional stiffness and damping coefficient. These changes in T 1 and h 1 can provide important information about the dynamic characteristics of the building.
Verification by Time-History Response Analyses
To demonstrate the validity of the proposed design procedure, the buildings installed with the necessary number of wall-type Figure 19 ) were subjected to 10 synthetic earthquakes generated to be compatible with the design response spectrum (Figure 17) . Figure 20 shows acceleration spectra of the 10 synthetic earthquakes with the target spectra. Time-history analyses were conducted using the original mechanical model of the VED, i.e., the NLF model given by Eqs 2a-e. Figure 21 shows the story-wise distribution of the mean peak interstory drift angles obtained by time-history analyses of the buildings with and without VEDs. With the exception of the lower and upper floors, where there is no need to install a VED, the mean peak interstory drift angles are found to be controlled to the specified value of 1/150 with enough accuracy.
VEDs (as shown in
The mean peak interstory drift angles of the 30-story building in Figure 21B exceed the target value of 1/150 by about 10%. The errors in Figure 21 are considered to be caused by the following two disparities between the proposed design procedure and the applied time-history analyses: (1) the design procedure uses the converted Voigt model of the VED, while the time-history analyses use the original NLF model of the VED and (2) the design procedure uses the modal analysis with the specified design response spectrum, while the time-history analyses use the generated synthetic earthquake waves. Considering the uncertainty and dispersion of the earthquake input, this amount of error can be regarded as acceptable, and the target peak responses of a structure can be specified for an appropriate safety margin.
CONCLUSION
Using the expanded CQC method for non-classically damped structures, a performance-based placement-design procedure is developed for finding the story-wise distribution of the manufactured wall-type VED such that each peak interstory drift would be limited to the specified value for a given design response spectrum.
The wall-type VED is installed between the floors in a building and induces a viscous shear force in response to the relative interstory drift, causing energy dissipation. The wall-type VED studied in this paper utilizes a newly developed VE material with low temperature dependence. The wall-type VED shown in Figure 16 costs about 4,500 USD (1 USD = 110 JPY), and has been applied to a few tall buildings in Japan as a practical damper. A mechanical model for the VED can be expressed by an NLF model that comprises two non-linear dashpot elements and two non-linear spring elements. The NLF model can express amplitude-and frequency-dependent properties of the VED. The validity of the proposed NLF model of the VED is verified through the dynamic loading tests of a half-scale wall-type VED.
The expanded CQC method is utilized to estimate the peak interstory drifts of a building with installed VEDs subjected to a specified given design response spectrum. In the modal analysis, the NLF model of the VED installed at each story is converted into an equivalent linear Voigt model, which is determined by the prescribed peak interstory drift and the fundamental natural period of the structure.
An algorithm for the placement design of the VED is proposed such that the peak interstory drifts would be limited to a specified value. In the proposed sequential design process, the area of the VE material in each story is adjusted by the ratio of the estimated peak interstory drift angle to the target value. The necessary number of VEDs at each story is obtained by dividing the obtained area of the VE material by the area of the VE material of the employed single wall-type VED and rounding off the result to a whole number.
Design examples of the performance-based placements of the wall-type VEDs are shown for three high-rise building models. Time-history response analyses are carried out for buildings installed with the necessary number of VEDs subjected to the design response spectrum-compatible synthetic earthquakes. The results demonstrate the effectiveness and validity of the proposed performance-based placement-design procedure.
The developed design procedure utilizes the equivalent linearization of the VED and the expanded CQC method. Therefore, the procedure can be applied not only to the VED but also to other dampers, such as metallic hysteretic dampers and viscous fluid dampers, which can be converted into a linear Voigt model framework. Another advantage of the procedure is that the variations in the fundamental natural period and the damping ratio of the structure due to the installed dampers can be evaluated by complex eigenvalue analysis, which provides important information on the dynamic characteristics of the structure. be 2 and 3 s, respectively. Figure A1 shows the waveforms of the earthquake interstory drifts in Figures 4B, 11, and 12. 
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B. Voigt Model of VED Considering the Stiffness of the Mounting Component
For consideration of the mounting component's stiffness, K M the equivalent Voigt model including the mounting component can be constructed. As shown in Figure A2 , the sum of the maximum shear deformation of the VED, δ D = γ max × d, and the maximum deformation of the mounting component, δ M , is equal to the specified peak interstory drift,δ = L S ×β.
The following equation holds for γ max ,δ, K M , and K eq (ω, γ max ) and C eq (ω, γ max ) of the VED given by Eq. 3 for a specified set {A s , d, T e }:
While Eq. A1 cannot be analytically solved in terms of γ max , the value of γ max can be estimated through iterative computations by substituting L S ×β/d as an initial value of γ max on the right-hand side of Eq. A1. Once a converged value of γ max is obtained, K D and C D of the equivalent Voigt model considering K M are obtained according to
where the fundamental natural circular frequency of a building, ω = 2π/T 1 , is assigned to ω in Eqs A2 and A3 in the same way as in Section "Equivalent Linearization of VED. "
